Abstract. The propagation of seismic waves in the Earth's mantle can be significantly affected by relaxation processes, causing attenuation and velocity dispersion (reduction). This paper reviews the solid-state mechanisms of relaxation processes based on the theory of defect microdynamics in solids together with some experimental observations on defects in minerals (particularly in olivine). For a given mechanism to have a significant effect on seismic wave propagation, both the density and the mobility of the defects must be in an appropriate range. The examination of the densities (and geometry) and mobilities of defects in olivine shows that dislocation and/ or grain boundary mechanisms can have a significant effect on seismic wave propagation, although wide distributions of geometrical factors (such as spacing of pinning points) and of mobilities are required to explain all available data. Point defect mechanisms, however, are unlikely to be important because their densities are too small and/or their mobilities are too large. Since the dislocation density and/or grain size are determined in most cases by the long-term tectonic stress, seismic wave attenuation and velocity dispersion (reduction) involving these defects are likely to depend on the magnitude of the tectonic stress as well as the temperature. Theoretical considerations suggest a wide range of dependence of seismic wave attentuation (and velocity dispersion) on the long-term tectonic stress. This is particularly the case for dislocation mechanisms and warrants careful experimental investigation.
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Dislocations and/or grain boundaries cause anelastic behavior (relaxation peaks) when they are pinned or blocked at some points. Pinning or blocking becomes ineffective at high temperatures and/or low frequencies, causing a transition to viscoelastic behavior. Both laboratory and seismological observations of internal friction are dominated by the "high-temperature background" where internal friction increases monotonically with temperature, which can be interpreted as a gradual transition to viscoelastic behavior or to a wide distribution of relaxation times. However, in most experimental studies to date, the dislocation densities or the grain sizes were not well controlled, making it difficult to identify the attenuation mechanisms and preventing any quantitative applications to Earth. The need for better characterization of defect microstructures in experimental specimens is emphasized.
INTRODUCTION
Although the solid Earth behaves almost like an elastic body at seismic frequencies, there is ample evidence for deviation from ideal elasticity. This includes the attenuation of seismic waves [e.g., Anderson and Hart, 1978] and velocity dispersion, i.e., the frequency dependence of seismic wave velocities [Kanamori and Anderson, 1977] . material science studies in this field is to establish the relationship between the internal friction (and velocity dispersion) and the thermochemical and stress state.
Until recently, there were very few relevant experimental studies of internal friction and velocity dispersion in rocks, and proper interpretation of seismic wave attenuation and velocity anomalies has been difficult. Some pioneering attempts have been made to correlate seismic wave attenuation and velocity anomalies with tectonic activity or thermal structures [e.g., Utsu, 1967 1987, 1990] . Also, the nature of defects in minerals (particularly in olivine) has been studied in detail (for a review, see Karato [1989] ). It appears timely at this stage to explore the possible implications of defect-related properties for internal friction and velocity dispersion. This will provide a guideline for the experimental studies and their interpretation.
In this paper we first discuss some of the fundamental concepts of internal friction (section 2), followed by a brief summary of the seismological observations and their implications for the mechanisms of seismic wave attenuation (section 3). The importance of solid-state mechanisms is stressed. In section 4 the nature of deformation associated with seismic wave propagation is examined and compared with longer-term deformation such as postglacial rebound and mantle convection. In section 5 the models of solidstate internal friction are reviewed, and their relevance to seismic wave attenuation is examined in light of recent studies on defects in minerals. Finally, some of the experimental results on upper mantle minerals and rocks are reviewed in section 6. It is concluded that the mechanisms of internal friction are not well constrained in these studies and that these results cannot be directly applied to Earth, although they clearly demonstrate the importance of some solid-state mechanisms. The need for careful examination of defect microstinctures in experimental specimens together with reliable measurements is emphasized.
SOME FUNDAMENTALS OF INTERNAL

FRICTION IN SOLIDS
The elastic deformation of a solid is characterized by the instantaneous and unique response of strain to stress. Deviation from ideal elasticity may occur through timedependent response or nonunique response (or both). At high temperatures and low frequencies, as in the case of seismic wave attenuation in the mantle, time-dependent response is important. (Assumption of linearity is often made in the formal theory of nonelastic behavior [Nowick and Berry, 1972 , chapter 1]. Mechanical response of a rock for elastic waves is in most cases linear, but there are two important exceptions to this. One is the internal friction due to frictional sliding at cracks [e.g., Johnson and ToksOz, 1980] , and the other is the internal friction due to unpinning of dislocations (see section 5.2.3). In both cases the internal friction increases with strain magnitude. The effects of cracks are not likely to be important in the mantle, but the effects of dislocation unpinning may be quite important in the manfie (section 5.2.3).)
Two types of time-dependent behavior can be distinguished. One is the case where the deformation is not instantaneous but has a unique equilibrium state (standard linear solid). In this case a transition from one (unrelaxed) state to another (relaxed) state will occur via some kinetic process(es). This behavior is referred to as anelasticity [Nowick and Berry, 1972 Physical mechanisms of anelasticity include thermoelasticity and some defect-related mechanisms [e.g., Jackson and Anderson, 1970; Nowick and Berry, 1972] . The intergranular thermoelasticity arises from stress relaxation due to intergranular thermal currents caused by the anistropy or heterogeneity of compressibility of the grains [Zener, 1948] . Therefore this mechanism dominates in compressional waves. Most of the defect-related mechanisms, in contrast, dominate in shear waves because the defects, particularly dislocations or grain boundaries, move under shear stress but not under hydrostatic stress. These defectrelated mechanisms also cause viscoelasticity.
The way in which a given solid deviates from ideal elasticity depends on the microscopic mechanisms. well-defined relaxed state. Thermoelasticity, for example, results in anelastic behavior, since at sufficiently long time the temperature is homogenized and thermal currents cease. Viscoelastic behavior results when the defect motion continues indefinitely. All solids show viscoelasticity at sufficiently high temperatures and/or low frequencies.
Stondord Lineor Solid (onelostic)
In either case, solid-state internal friction due to defects is sensitive to the temperature T and pressure P through the temperature and pressure dependence of the characteristic time (•: = •:0 exp [E(P)/R7], where E is the activation enthalpy, and R is the gas constant). In addition, internal friction is also sensitive to the long-term stress, because it changes the density or geometry of defects. The frequency dependence of internal friction shown in Figure 1 is for ideal cases where a single characteristic time is defined for anelasticity and the viscoelasticity is characterized by a well-defined viscosity. In the more realistic case, there is a distribution of characteristic times, and there is a gradual transition from anelastic to viscoelastic behavior. In either case the frequency dependence of internal friction is weaker than in the ideal case. Takeuchi [1972] , Liu et al. [1976] , and Minster and Anderson [1981] proposed that distributions of characteristic times in an anelastic material yield the weak frequency dependence of internal friction observed in the Earth.
It is important to note that internal friction is necessarily accompanied by a velocity dispersion (see Figure 1 ). The amount of velocity dispersion in the Earth associated with internal friction of Q = 100-500 is approximately 0.5-1.5% for the frequency range 1-10 -3 Hz [Kanarnori and Anderson, 1977] . A similar amount of velocity variation (through relaxation processes) should occur if the relaxation time varies by a factor of 103. This is a significant amount since the magnitude of the velocity anomalies observed by seismic tomography is approximately +0.5% for the lower mantle [Dziewonski, 1984] and approximately +2% for the upper mantle (except for the topmost layer) [Woodhouse and Dziewonski, 1984] . As will be shown later, the velocity changes due to defect-related relaxation processes are sensitive to the long-term stress as well as the temperature. This is in contrast to the velocity change due to anharmonicity which is insensitive to the stress and is not associated with seismic wave attenuation. Thus the study of internal friction or relaxation processes has important implications for the interpretation of seismic tomography as well as of seismic wave attenuation.
CONSTRAINTS ON MECHANISMS OF SEISMIC
ATTENUATION
IMPOSED BY GEOPHYSICAL OBSERVATIONS
Several geophysical observations can be used to estimate the magnitude of internal friction and its dependence on depth, tectonic setting, and frequencies. They include the amplitude decay of body and surface waves, the broadening of free oscillation peaks, and the damping velocities on frequencies and the resultant change in the periods of free oscillations and of the Chandler wobble provide important information on Earth's nonelastic properties [Liu et al., 1976 Anderson and Given [1982] proposed an absorption band model with more •complex frequency dependence, including a broad peak of attenuation in the upper mantle around t0 ~ 10 -2 S -I, but the observational evidence to support this is rather weak.
From the seismological observations summarized in Figures 2 and 3 , we make the following deductions:
1. Since significant seismic wave attenuation occurs in areas where the temperature is significantly below the solidus, much of the seismic wave attenuation (and associated velocity dispersion) must be attributed to solid-state mechanisms, rather than to partial melting (for discussions of partial melting, see Shankland et al. [1981] and Karato [1990] 3. Since large attenuation is associated with low velocities (Figure 2 ), either the seismic frequencies must be higher than the characteristic frequencies of anelastic peaks (Figure la) To conclude, the deformation associated with seismic wave attenuation involves very small strain and therefore occurs without significantly changing the defect microstructures (the dislocation density, the grain size, etc.), which are largely determined by the long-term tectonic stresses.
Another consequence of the small strains associated with seismic wave attenuation is that the defect mobility involved in seismic waves might be entirely different from that involved in longer-term (larger strain) deformations. This question is related to the detailed microphysics of defect motion and will be discussed in the next section.
properties in minerals (particularly in olivine), and (3) geophysical constraints.
Generally, the internal friction (and velocity dispersion) due to solid-state mechanisms involving defects depends on (1) the concentration, (2) the mobility, and (3) the geometry of defects. These factors determine the characteristic time and relaxation strength (in the case of artelasticity) or the relevant "viscosity" (in the case of viscoelasticity). We discuss these relations for point defect mechanisms, dislocation mechanisms, and grain boundary mechanisms in the following sections.
Point Defect Mechanisms
Point defects (including interstitial atoms or substitutional atoms) or a group of point defects may interact with the applied stress when they are associated with an appropriate strain field. Nowick and Berry [1972, chapter 8] give a detailed account of the criteria for the occm'mnc½ of anelasticity due to point defects. According to their results, an½lastic relaxation can be produced only by a defect whose symmetry is lower than that of the host crystal.
An example is an interstitial atom in a cubic crystal, which has a tetragonal symmetry (Figure 4a The point defect mechanisms discussed so far cause anelasfic relaxation since the defects can assume a well-defined relaxed configuration(s) at sufficiently long times. However, there are some processes in which point defects are generated and annihilated indefinitely within a solid. An example of these processes is diffusion creep. In such a case, there is no longer a well-defined relaxed state, and therefore the solid behaves like a viscoelastic material.
These processes are discussed in section 5.3 in relation to grain boundary mechanisms. 
(B is the mobility of dislocation). Hence
The mobility B of a dislocation is determined by the resistances to its motion. They include phonon scattering, impurity drag, resistance due to lattice periodicity (the Peierls potential), jog drag, and the interaction with other dislocations [e.g., Hirth and Lothe, 1968] . In the case of macroscopic dislocation motion the velocity relevant to macroscopic strain (i.e., (5)) is an averaged velocity of a dislocation that moves a long distance (grain scale motion), overcoming various obstacles (resistances).
When the applied stress is low and/or the time scale is short, as in the case of the interaction with seismic waves, a dislocation may not be able to overcome some of the obstacles at that time scale. These obstacles that are difficult to overcome include impurity atoms, jogs, and nodes, most of which have a discrete nature (as opposed to continuous obstacles like phonon scattering and the Peierls potential). "Pinning" may occur at these points, limiting the dislocation motion to a microscopic scale determined by the spacing of pinning points and the magnitude of the applied stress. This pinning therefore can be responsible for anelasfic behavior.
In contrast, when the applied stress is high and/or the time scale is long (or the temperature is high), pinning will not be effective, and continuous dislocation motion will result, causing viscoelastic behavior.
It is important to realize that the anelasticity due to dislocation motion occurs only under restricted conditions.
Since the seismic wave attenuation in the Earth's mantle occurs at relatively high temperatures (T/T,, = 0.6-0.8), and low frequencies (to < 10 z s-•), viscoelasticity, rather than, or in addition to, anelasticity, is a distinct possibility. We shall discuss this point later (section 5.2.3) in the light of experimental results.
By whatever particular mechanisms the energy loss due to the interaction with dislocations occurs, it is evident that the magnitude of the nonelastic effects is proportional to the dislocation density and that the characteristic time 'c is inversely proportional to the dislocation mobility.
However, to understand the dependence of these parameters on the thermochemical and stress state, we need to examine the mechanisms in more detail. Readers who are not interested in the details of dislocation microdynamics may wish to skip to section 5.2.4.
Artelasticity Due to Dislocations First
consider the case where pinning is effective, i.e., at relatively low temperatures and/or high frequencies and/or low stress. Anelasficity will result since the dislocation stops for a sufficiently long time at a pinning point to yield a well-defined relaxed state. The nature of anelasticity is determined by the dislocation mobility and by geometrical factors such as the spacings between pinning points. Also, the magnitude of the Peierls energy will affect the nature of anelasficity, since it determines the kinetics and geometry of the relaxation process.
We can distinguish two cases with respect to the geometry of dislocation (Figures 5 and 6 self energy, a dislocation assumes a shape that is controlled by its self energy (fine tension) and the applied stress. Table 3 We now discuss the dependence of A and x on the thermochemical and stress states. From (8) and (9) 
Note that for shorter time scales like those in laboratory experiments, thermodynamic equilibrium may not be attained. In these cases I will be independent of the dislocation and therefore of stress.
In the second case the mean distance between pinning points is proportional to the mean distance between dislocations, i.e.,
1~ p-1/e _ ((•T)-I (14)
One of the most important characteristics of dislocation mechanisms of anelasticity is its dependence on the long-term tectonic stress c• r. In the case where the string model applies, this comes from the dependence of the dislocation density p and from the stress dependence of the spacing between the pinning points. 5.2.2.2. Peieds Potential Control (Kink Model) When the Peierls potential is the major barrier to dislocation motion, the nucleation (and migration) of kinds over the Peierls potential hill controls the dislocation motion.
In this case the dislocation mobility is related to the intrinsic properties of dislocations (the Peierls potential). This is in contrast to the case of a low Peierls potential where the dislocation mobility is likely to be controlled by impurities. Anelastic relaxation due to the intrinsic properties of dislocations is referred to as Bordoni relaxation (including the anelasticity due to geometrical kinds discussed in the previous section). Detailed accounts of Bordoni relaxation can be found in the work of Nowick and Berry [1972, chapter 13] and Fantozzi et al. [1982].
Imagine a dislocation lying in a deep Peierls potential valley. Unlike the case for a low Peierls potential, the dislocation will not bow out under stress since the barrier to the motion perpendicular to the Peierls potential is too large. Instead, the dislocation motion will occur at a more microscopic scale, through the nucleation of a pair of kinks (double-kink nucleation) and their migration along the Peierls potential (Figure 6b ). The nucleation of kinks involves motion over the Peierls potential hill and is therefore in general more difficult than motion along the Peierls potential. As a result, kinks migrate a long distance before the next nucleation occurs. A large number of obstacles along a dislocation may inhibit the migration of kinks, yielding a well-defined relaxed state. Thus inelastic behavior will result. This results in a difference in the stress dependence of relaxation strength. For the pinning due to jogs, for example, the string model predicts no dependence of relaxation strength on stress, while the kink model predicts A ~ a (see (8), (10), (14) and (16)) . Also, the stress dependence of relaxation time is different. In the kink model the relaxation time does not depend on the pinning distance (equation (15)) and therefore does not change with stress. In contrast, the strong model predicts that the relaxation time depends on the pinning point distance and therefore changes with stress (equation (9) In any case, in order to have a wide range of x in this mechanism, a wide distribution of the activation energies (i.e., dislocation mobility) is required. It appears difficult to account for all of the observed seismic attenuation by a single mechanism involving kink pair nucleation, even if the effect of internal stress is considered. One possibility is that the low-frequency seismic wave attenuation is due to kink pair nucleation but that the high-frequency attenuation involves faster kinetics such as the migration of geometrical kinks.
Since the nucleation of a pair of kinks is the most difficult process in the motion of dislocations along
Dislocation Mechanisms Involving #Unpin-ning": 'rransition to Viscoelastic Behavior When the
temperature and/or the stress amplitude is high (or the frequency is low), pinning will not be effective. The dislocations may break away from the pinning agents (impurities, jogs, or nodes), or the pinning agents themselves may move along with the dislocation. We call these two processes "unpinning." Under such circumstances the energy loss mechanisms have the following characteristics:
t. Now that the pinning is not effective, the unrelaxed state is no longer well defined. Continuous dislocation motion will occur over the distances longer than that in the pinned conditions. Thus the mechanical behavior will change into viscoelastic behavior, and hence the energy loss will increase monotonously with the increase of temperature (or with the decrease of frequency).
2. Generally, the unpinning process is more significant at higher stresses. This will cause nonlinear (amplitude dependent) energy loss.
Unpinning is a complex phenomenon which depends on the nature of the dislocation-pinning agent (impurities, etc.) interaction, the mobility of pinning agent, and the distance between the pinning points [Teutonico et is, the more significant the nonelastic effects will be. However, the details of the stress dependence is poorly constrained by theoretical arguments.
One can deduce some constraints on dislocation mobility and geometry (e.g., the spacing of pinning points) assuming that dislocation mechanisms are responsible for seismic wave attenuation. The results show that we can get reasonable constraints on the spacing of pinning points but that the dislocation mobility at relatively high frequencies (e.g., body and surface waves) must be significantly higher than that for long-term deformation. Therefore microscopic mechanisms of dislocation motion must be different between long-term deformation (i.e., postglacial rebound, mantle convection) and short-term deformation (body and surface wave attenuation). One possible explanation is that dislocation motion parallel to the Peierls potential (motion of geometrical kinks) is responsible for short-term deformation and that motion perpendicular to the Peierls potential is responsible for long-term deformation. This hypothesis can be tested experimentally. In addition, a simple calculation shows that the pinning necessary for anelastic behavior is not effective at high temperature and/or low frequencies. Thus a transition to viscoelastic behavior should be a natural consequence of unpinning. As we will see, most experimental data and seismological observations (Figures 3 and 10) are consistent with this suggestion.
Grain Boundary Mechanisms
In a polycrystalline solid, internal friction may occur through the motion of grain boundaries. Two contrasting modes of grain boundary motion can be distinguished: one is the grain boundary sliding (motion parallel to grain boundaries) and the other is grain boundary migration (motion perpendicular to grain boundaries).
Grain Boundary Sliding Grain boundary
sliding can relax the shear stress and will cause internal friction. In examining the nature of internal friction due to grain boundary sliding, it is important to recognize that a grain boundary cannot generally be a perfectly flat plane. There must be some topographical irregularities which obstruct grain boundary sliding. Thus grain boundary sliding can be considered to be composed of two successive processes, i.e., the sliding of flat portions of the grain boundaries and the accommodation of the deformation at irregularities [Raj and Ashby, 1971] . If viscous accommodation at irregularities is difficult for a given time scale, the accommodation will be elastic. Then grain boundary sliding will stop when the applied force balances the force due to the elastic strain at the irregularities. This causes anelastic behavior. If, on the other hand, viscous accommodation is easy, then continuous grain boundary sliding will occur, resulting in viscoelastic behavior. Thus the mechanical behavior associated with grain boundary sliding is related to the nature of the accommodation of deformation at irregularities. We shall discuss this point later.
First we discuss the anelastic situation, i.e., the case for a relatively short time scale (or low temperature) or a large irregularity. When the accommodation of the deformation at the irregularities is elastic, the amount of sliding U is given by [Raj and Ashby, 1971] When the temperature is high and/or the frequency is low, the accommodation of deformation at irregularities will be viscous, involving diffusive mass transport or dislocation motion. In the case where grain shape is the major irregularity, the time scale of viscous accommodation is given by diffusion creep. Therefore in this case the criterion for viscoelastic behavior is given by 
•m
The sliding mobility B s will increase with temperature. 
Grain Boundary Migration In contrast to
grain boundary sliding, grain boundary migration does not generally cause strain (see, however, Means and Jessell [1986] ) and therefore by itself does not result in stress relaxation. However, there are two ways in which grain boundary migration may contribute to relaxation. One is that the sliding mobility B s might be controlled by grain boundary migration, because grain boundary migration can eliminate the boundary irregularities that obstruct grain boundary sliding. The other is that in a material where elastic anisotropy is large, the heterogeneity in strain energy will cause grain boundary migration that may result in anelasticity. However, the magnitude of this effect should be very small at the stress levels of seismic waves ((•-103 Pa; see Table 1 ). Since the surface energy O, d2/c•sw. cific surface energy = ,•! to elastic strain energy ratio e_d 3 is very large (-10), the amount of grain boundary migration should be very small.
ANALYSIS OF THE EXPERIMENTAL RESULTS ON MANTLE MINERALS AND ROCKS
From the foregoing discussion it is clear that one of the most important aspects of the experimental studies of internal friction is to investigate correlations between seismic wave attenuation and defect microstinctures. The microstructures which need to be studied include those dislocation structures (dislocation density, types of dislocations, dislocation shape), grain boundary structures (grain size, grain boundary shape, secondary phases), and point defects that significantly affect the mobilities of dislocations and/or grain boundaries (i.e., water-related defects). Unfortunately, such studies are not available for mantle minerals or rocks. But some preliminary pioneering work has been done which we shall discuss below. Regardless of the details of the microscopic basis for it, the near agreement of activation energies for internal friction and creep implies that the seismologically observed internal friction may provide useful information about long-term deformation properties of Earth's interior. Bordoni relaxation (peak): Anelastic relaxation in solids first studied by Bordoni. The magnitude of relaxation is very sensitive to the deformation state (amount of strain, annealing treatment, etc.) and impurities, but the peak frequency is relatively insensitive to these variables. This mechanism is therefore considered to be due to dislocations. More specifically, the elementary process of relaxation in this process is considered to be related to the intrinsic properties of dislocations since the peak frequencies are insensitive to impurities. 
